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in an Innovative Visual-Olfactory
Environment
The sense of smell has a great importance in our daily life. Recently, smells have been
used for marketing purposes for improving the people’s mood and for communicating
information about products as household cleaners and food. However, the scent design
discipline can be used for creating a “scent identity” of these products not traditionally
associated to a specific smell, in order to communicate their features to customers. In the
area of virtual reality (VR), several researches concerned the integration of smells in vir-
tual environments. The research questions addressed in this paper concern if virtual pro-
totypes (VP), including smell simulation, can be used for evaluating products as
effectively as studies performed in real environments, and also if smells can enhance the
users’ sense of presence in virtual environments. For this purpose, a VR experimental
framework including a prototype of a wearable olfactory display (wOD) has been set up,
and experimental tests have been carried out. [DOI: 10.1115/1.4033229]
Introduction
Through the sense of smell, humans analyze chemicals
acquired in the environment in order to recognize possible dan-
gers, such as fire and harmful items, identify food, and support
social interactions and communication [1].
Nevertheless, nowadays vision and hearing are the most widely
senses used for interacting with the environment and communicat-
ing with others. This is due to the fact that smell is much more
irrational and linked to visceral emotions than the other senses,
and funnel a specific message via smell could be difficult. Con-
versely, pleasant and unpleasant smells can impact on the subcon-
scious, influencing people’s feelings. So, smells can influence
several aspects of humans’ psychological state, such as people’s
mood [2], learning activities, and attention level [3], and can
induce activation or relaxation states [4]. Moreover, smells are
strictly linked with memory, both personal and collective [2].
Then, smell impacts on people’s feelings and moods (people’s
psychological states in a specific moment), and it is related to their
background and past-experiences. Consequently, each person
could have a specific feeling related to each smell. Also, the olfac-
tory function diminishes with increasing age and elderly people
are more likely to be anosmic, which means that they lose the
sense of smell [5]. Moreover, females are more sensitive to smells
than males [5] and culture-specific experiences, which usually
characterize different populations, may significantly influence
odor perception [6,7]. Nevertheless, it is possible to identify a
wide range of smells (smells of food, flowers, spices, etc.) that are
familiar to the most people in the world [8] and elicit in them sim-
ilar associations, feelings, and emotions.
On these bases, smells have been used in recent years for sev-
eral applications in marketing and aromatherapy areas, like their
use for characterizing environments, communicating products
characteristics, orienting people’s mood, and eliciting positive
emotions [9,10]. In particular, companies are used to characterize
brands, stores, and products, like perfumes, deodorants, household
cleaners, foods, etc., with smells when these belong to categories
typically associated with smells.
However, the scent design discipline, which has been applied to
these products commonly associated with smells, can be also
extended to any product, brand, and store for communicating their
features and differentiating them from similar ones. In this vision,
smells specifically designed for a product could easily recall a
feeling in customers, and the traditional meaning of “scent of”
(spring, sweets, home, and so on) may be innovatively applied
also to products. So, even commercial products to which no spe-
cific smells are usually associated, like furniture, technological
devices, cars, and clothes can particularly benefit from the pres-
ence of designed smells. The use of pleasant smells for communi-
cating product characteristics to customers may represent a
competitive advantage, due to the fact that smells can evoke posi-
tive feelings in customers. Then, they can play a fundamental role
in orienting the choice in buying decisions.
Obviously, new olfactory features need to be evaluated by users
more extensively and effectively during the product development
process, so as to associate the most appropriate smell or mix of
smells, with each specific product. Indeed, the product develop-
ment process foresees a step for the evaluation of new product sol-
utions with users. For this purpose, VP is today a common design
practice. VP consists in the simulation of products in VR environ-
ments. By using this practice for product evaluation, it is possible
to reduce the need to develop physical prototypes. Several studies
reported in literature have demonstrated the effectiveness and bene-
fits of using VP for the evaluation of the new design solutions
[11,12]. Studies also show that the evaluation of interactive prod-
ucts requires VPs integrating multisensory interaction, where users
can experience the various features of a product, typically including
its appearance, the sound emitted, and its tactile properties [13].
In order to obtain reliable evaluations of product concepts, VPs
have to be developed in order to reproduce products’ properties
with a high-fidelity level. Also, the VR environment used for
experiencing these VPs have to offer an adequate sense of pres-
ence [14], in order to allow a realistic experience for the users.
VPs are usually implemented by using setups in which the most
innovative VR technologies for stereoscopic visualization, 3D
sound rendering, and haptic and tactile interaction are integrated.
Recent researches have focused on the integration of smells in VR
environments, through devices named OD [15,16].
The authors of this research work recognized the need to in-
quiry if the evaluation of the characteristics of new products can
be performed in such environment also for what concerns smells
associated with them. Specifically, the research work aim is to
verify if the introduction of smells in VR environment can
enhance the sense of presence, to study if smells can influence the
users’ evaluation of products (and in which way), and if this influ-
ence can be evaluated in a virtual environment.
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Related Works
Marketing and Design. The sense of smell has a great impor-
tance in our daily life, because it is devoted to acquire and inter-
pret chemical signals in the environment and supports some basic
biological functions, as dangers recognition and identification of
food, and social communication [1]. Smell was the primary sense
at the origin of humans (as it is for animals), but today humans
use more the senses of vision and hearing, while the sense of smell
is only used to characterize environments with pleasant smells, to
improve the person’s mood [2], and to communicate and elicit
positive emotions in people [4].
For what concerns the physiological mechanism of olfaction, it
is quite different if compared to the other senses.
First, smell is a chemical sense and differs from vision and
hearing based on physical principles [1]. Consequently, one of the
characteristics of the olfaction is the nonlinearity, which means
that a change of stimulus intensity is not directly related to a qual-
itative modification of the person’s sensation. Furthermore, other
important characteristics of human olfaction are a very high acuity
for odor identification and olfactory fatigue and adaptation, which
means that if we keep sniffing one odor continually, soon we can
no longer perceive the odor.
The olfaction process is constituted by olfactory reception and
interpretation, which is carried out in several regions of the human
brain [1]. Specifically, the cerebral cortex, the thalamus and the
frontal cortex are the regions involved in process necessary for
recognizing and measuring the olfactory stimulus. These con-
scious activities are carried out via the comparing of the olfac-
tory stimulus with other information (person’s background, past
experiences, stimuli from other senses, etc.). The last part
involved in the olfaction process is the limbic system, which is
considered as the irrational and primitive part of the human
brain. This part, together with the hippocampus, manages the
unconscious and emotional components of perception and is
responsible for the olfactory memory [1,2]. Consequently, a
smell can evoke memories and responses unconsciously experi-
enced by the users even before the smell is consciously recog-
nized and measured.
Due to these characteristics, smells can have impact on person’s
mood, as well as enhance learning activities, increase attention
level, and are deeply evocative [2,3]. Specifically, basic science
studies have proven that smells are strictly linked with memory,
and several studies have been performed in the psychology and
marketing areas. [17]. Many studies focused on the ability of
olfactory stimuli, compared to stimuli of other senses, to recall
people’s memories about their lives, experiences, places, people,
events, and also smells experienced long time ago [18]. Moreover,
Herz [19] demonstrated that memories triggered by smells are
considered as more emotional than those evoked by the other
types of stimuli. This is related to the fact that after a smell is
experienced and associated in our memory with a specific emo-
tional experience, it is able to evoke the associated emotion when
later encountered [20]. Also, researches demonstrated that smells
can impact on physiological parameters, such as heart rate or skin
conductance, and consequently can induce activation or relaxation
states in people [4,21].
Thanks to these characteristics, smells are used in the rehabili-
tation field, e.g., for the treatment of patients with Alzheimer’s
disease [22] or post-traumatic stress disorder [23].
Smells can also influence moods; while pleasant smells can
induce positive moods, unpleasant smells can induce negative
ones [24]. This property has been applied in the marketing
research area, in which several works have been performed on the
use of smells for eliciting positive moods in people and for com-
municating information about products as perfumes, household
cleaners, and food. Studies found out that congruent smells in the
environment can be used for improving the time spent by custom-
ers in store [9]. Also, researchers found that pleasant smells can
enhance evaluations of products [10] and of stores [25].
In the mass market, often the perceived quality of the products
is associated with their smells [26]. Then, companies add smells
to several commercial products, such as household cleaners to
communicate to users the feeling of clean and foods to supple-
ment their organoleptic characteristics. In these cases, the addition
of smells (such as artificial flavors) allows companies to standard-
ize the taste, filling any gaps caused by the food characteristics,
and the possible changes in food preparation.
On the opposite, few research studies and practical experiences
have been carried out in the field of industrial products not tradi-
tionally associated with smells, but which can particularly benefit
from their introduction.
For example, some industrial products are linked, in the collec-
tive perception, to the smells of what they contain (as in the case
of food packaging) or to the good or bad performances of the
functions they are performing (as in the case of food in a refrigera-
tor, the smell of washed cloth in the case of a washing machine,
the smell of a dishwasher or a vacuum cleaner) or the perceived
quality of the product (the car interiors, the quality of leather gar-
ments, and so on). Nevertheless, usually for these products, their
smell is not specifically designed but relies on the characteristics
of the product (as, for instance, the materials that constitute it) or
on what the product will generate naturally and could be both
pleasant and unpleasant. However, in the second case, an unpleas-
ant smell could affect the product judgments by users. Moreover,
the design and the use of pleasant smells for communicating prod-
uct characteristics to users could represent a competitive advant-
age for these products. In fact, smells can evoke positive feelings
and differentiate them from the others of the same category, thus
impacting both in the conscious and unconscious levels of percep-
tion and in the crucial buying decision.
Smell Simulation in VR. In the area of VR and simulation,
several studies have focused on presenting smells in VR environ-
ments, by developing both ubiquitous and personal OD.
An OD is a device controlled by a computer that generates
scented air and provides a user with smells. Due to the fact that
smell is a sense based on chemical principles, the rules for the
design and the development of ODs are different from these dedi-
cated to visual, auditory, and haptic and tactile simulation. The
two main characteristics to take into account are the nonlinearity
of the olfaction (a change of intensity of the stimulus can result in
a qualitative change in the subjective sensation) and the fact that
there is not consensus on a classification of “primary” smells, and
researchers are still trying to find out the minimum number of
smell components required for achieving an acceptable quality of
expressing arbitrary smells. Then, researchers in the information
and communication technology area have reduced the number of
smell components to use according to specific applications in
which they would like to use their devices. Because humans per-
ceive smells through the air, the role of an OD is to make scented
air from smell materials in a stocked form with the desired com-
ponents and concentration and to deliver the scented air to the
human olfactory organ. Several technologies can be used to de-
velop ODs. Overall, these are categorized according to the per-
formed function in scent generation and scent delivery methods
[1].
The generation of smells depends on the physical status of
essences, which usually is in liquid form, and then soaked in
porous materials, encapsulated, or gelled. Several techniques can
be used for generating scented molecules from the liquid: as
example, it is possible to use airflow-based vaporization, heating,
airflow-based atomization, direct atomization–piezoelectric method,
and ultrasonic atomization.
On the other side, it is possible to delivery smells by using, e.g.,
natural diffusion/convection, wind, vortex ring, tubes, and direct
injection.
Many research projects have used these technologies for devel-
oping ubiquitous and personal ODs for specific aims. For instance,
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Yanagida et al. [15] proposed an OD that carries scented air from
a faraway place to the user’s nose by using an air cannon based on
the toroidal vortex technology. Kim et al. [27] designed and
developed an OD based on a container of temperature-responsive
hydrogel that can have reversible changes between sol and gel.
Then, by using a Peltier module for changing the temperature of
the hydrogel, it is possible to generate smells. Yamada et al. [28]
developed and tested two prototypes of wOD to present the spa-
tiality of smell in an outdoor environment. Viswadhara Meenakshi
and Sowmya [29] developed an OD, named experiencing smell
through electronic reality (ESTER), with the aim of enabling peo-
ple to experience the sense of smell through an electronic media.
In ESTER, it is possible to store 4 or 8 smells. Narumi et al. [16]
developed a “Pseudogustatory” OD for creating a gustatory sensa-
tion. This OD presents flavors by means of a cross-modal effect
elicited by visual and olfactory augmented reality. With this aim,
they developed the “MetaCookieþ,” by using the edible marker
system, which can detect the state of each piece of bitten or
divided food in real time, and the “Pseudogustation” method to
change the perceived taste of food by changing its appearance and
smell. Hirota et al. [30] developed an approach to implement and
evaluate smell display to be used in multisensory theaters. They
developed both an OD system and a sensor system. In the OD sys-
tem, smells are vaporized in chambers to achieve saturated state,
and then plain air is infusing for pushing out the scented air.
Eventually, some companies have developed and commercial-
ized ODs for personal computer use [31]. Examples are
DigiScents-iSmell, ScentAir1, and TriSenx. They use a number of
smells stored in cartridges, and upon receiving a signal describing
a smell, they release a mixture of these smells. This is done, e.g.,
by using pumps, and the resulting scented air is blown toward the
user with a small fan.
Unfortunately, due to the fact that personal ODs developed so
far try to simulate a great number of smells, these are often very
limited (in the number of smells that can be stored and generated,
in the quantity of smells that can be emitted, in the distance that
the scented air can cover, and so on), cumbersome, and they have
not found commercial success.
Nevertheless, the introduction of smells’ simulation in multi-
sensory VR environments could represent an easy and flexible
tool for evaluating industrial products’ characteristics.
Research Questions and Experimental Framework
The research questions addressed in this paper concern if VPs,
including the smell simulation in addition to the visual, auditory,
and haptic and tactile ones, can be used for products’ evaluation
as effectively as in researches and practices performed in real
environments, and also if smells can increase the sense of pres-
ence in VR environments.
Therefore, the research work aim is to verify
(1) if the introduction of smells in VR environment can
enhance the perceived level of presence
(2) if, and in which way, smells can influence the users’ evalu-
ation of products
(3) if the influence of smells on the users’ assessment of prod-
ucts in a VR multisensory environment and in a real envi-
ronment can be comparable
For this aim, authors set up a VR experimental framework
including a prototype of a wOD, and experimental testing sessions
have been performed. The experimental framework is a multisen-
sory VR environment in which a head mounted display (HMD) is
used for displaying virtual objects in an immersive modality, and
the wOD is used for generating smells.
The test setup consists of the visualization through the HMD of
the virtual models of various variants of a commercial product
typology. For this test, authors selected washing machine as the
product typology. Selected smells generated by the wOD are
added to virtual scene. Then, subjects, unaware of the presence of
smells in the environment, are asked to evaluate these different
products after a session in which these are visually presented to
them. Authors chosen this method, in which the only variable
parameter is the smell, in order to reduce the possible variables to
take into account and that can influence the subjects’ evaluations.
Also, authors decided to use a 2 (pleasant versus unpleasant) X 2
(congruent versus incongruent) between-subject method and
included a no-scent control condition with the aim of comparing
subjects’ evaluations in odor and odorless conditions. Conse-
quently, five distinct groups of subjects were asked to perform the
same testing session.
After the testing sessions, authors analyzed the collected data
from a statistical point of view with the aim of identifying any pos-
sible difference in subjects’ evaluations of the level of presence and
of the industrial products and in which way these are related to the
introduction of smells and to smell typology. Besides, authors ana-
lyzed the data for verifying if these can be comparable with those
of Bosmans [10]. Indeed, in this study, it has been demonstrated
that smells congruent with the product category can have a strong
influence on consumers’ evaluations of products.
wOD
A wOD to be integrated in the multisensory virtual environment
has been developed (Fig. 1).
Concerning the generation of scented air, authors used the ultra-
sonic atomization method, based on the ultrasonic energy tech-
nique that, if applied to a liquid, generates fine particles. For the
delivery of smells, authors used the direct injection method.
The wOD is made of two air cannons for generating and deliv-
ering smells. In each air cannon, a cartridge of scented water,
consisting in a small cylinder of cotton, is placed. Scented water
has been produced by diluting commercial water-soluble flavors
with water, and then used for drenching the cylinder of cotton.
Via the application of ultrasonic energy, a scented mist is pro-
duced, released in the air close to the user’s noise, and eventually
smelled.
To achieve a wearable device, the components of the OD
should be small and light, and suitable to wear on the body. There-
fore, miniaturized air cannons have been developed (Fig. 2).
Besides, the authors have chosen to use a wearable device, which
are commercial earphones, on which two air cannons (one on
each side of the earphones) have been placed. This design solution
allows for an effective use of scented air, which can easily reach
the user’s noise, and for a comfortable device for the user.
A software application has been developed for controlling the
air cannons. It runs on an Android tablet or smartphone, and when
Fig. 1 The prototype of the wOD
1www.scentair.com
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users pushed a button, an input is sent via wireless to an Arduino
board2. The board processes the input and sends the command
for generating and emitting the smell to the air cannons. A
graphical representation of this architecture is shown in Fig. 3.
Testing Sessions
According to the defined experimental framework, various test-
ing sessions have been performed. Specifically, 5 different groups
of subjects, each composed of 15 subjects, were asked to evaluate
three products (washing machines) after the visualization of their
virtual models, while different smells (one smell for each group)
were presented in the VR environment.
The VR multisensory environment consists of an Oculus
HMD3, used for visualizing the scene, and the developed wOD
for integrating smells in the environment.
The digital environment is composed of the virtual models of
three commercial washing machines, placed in a virtual room,
while at the background we used the picture of a household
appliances store (Fig. 4). This setup has been chosen in order to
create a virtual environment similar to a real shop, in which cus-
tomers can evaluate and buy washing machines. In that case,
indeed, usually they do not have the possibility to test the washing
machines’ working performances, and they have to carry out the
evaluations on the basis of washing machines’ brands, prices, aes-
thetics, and technical features.
In this experimental framework, authors chose to avoid the
introduction of different brands, prices, and technical features in
order to reduce the possible variables that can impact on subjects’
evaluations. Consequently, subjects were asked to assess some
characteristics of the washing machines and their perceived values
only on the basis of their aesthetical characteristics and by intro-
ducing different smells.
The form of the three products and of their main elements are
different, while authors modified their colors in order to obtain
made them uniform. The three washing machines have been
selected according to their global shape and the shape of their
main components. Specifically, the first one, placed on the left
side of the virtual environment, is an entry-level home appliance
and presents very simplified shapes. The second one, placed at the
center of the virtual environment, is a high-level device, and the
shape of its main components (window, knob, display, and
drawer) is quite complex and distinctive. Moreover, in this case,
the front window is placed in a higher position than in the other
washing machines. Finally, the third washing machine, placed on
the right side of the virtual environment, is also a high-level prod-
uct, and the shape of its main components has been developed to
communicate the high technological level of the product. Conse-
quently, the authors expected different evaluations for the three
different washing machines, which should be lower for the first
one and higher for the second and third ones.
No direct correlations between the shape of each washing
machine and the different smells have been defined, also because
no research works on the correlation between shape and smell are
known. Indeed, the correlation (congruent or incongruent) is
based on the “traditional shape” that front-door washing machines
generally have, which looks like a white box with some character-
izing components (windows, knobs, displays, and drawers). Spe-
cifically, the authors’ goal is to inquire into the subjects’
evaluations of commercial products by using different smells
related (or not) to that category of product.
At the beginning of each test, the wOD was filled with scented
water. Authors used a specific smell for each group of subjects. Spe-
cifically, in order to perform a 2 (pleasant versus unpleasant) X 2
(congruent versus incongruent) between-subject method, four
selected smells were used. These are lavender (pleasant and congru-
ent), orange (pleasant and incongruent), smoke (unpleasant and con-
gruent), and anchovy (unpleasant and incongruent). In one case (the
no-scent control condition), the wOD was filled with plain water. In
order to avoid cross-contamination effects, each smell has been
used separately from others: each group of subjects has performed
the tests in the same laboratory but during different days.
On the whole, authors asked 75 subjects to carry out the experi-
mental tests. The subjects were students of the Design and of the
Mechanical Engineering Schools of the Politecnico di Milano.
Students’ average age is 24.5, and 55% of them are males.
Authors randomly assigned each subject to one experimental con-
dition and received each subject alone. Subjects were voluntary
and did not receive monetary compensation. Also, they were
asked to read and sign an informed consent. Due to the fact that
subjects had to be unaware of the presence of smells in the multi-
sensory VR environment, in the informed consent form, smells
were presented as “multisensory” items. The two air cannons of
the wOD have been covered by using plastic covers so as to hide
them from subjects. Each test was made of a pretest, a test, and a
post-test phases.
The pretest phase lasted about 5min and was dedicated to the
collection of subjects’ background information, like their age, sex,
and experience with HMD and VR. Moreover, subjects were
Fig. 2 The air cannon
Fig. 3 Architecture of the wOD
Fig. 4 The virtual environment including the 3D models of the
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asked to inform the authors if they are smoker, if they suffer from
any allergy, and if they have a cold.
In the test phase, authors asked subjects to wear the HMD and
the earphones, including the wOD, and to look at the VR environ-
ment displayed through the HMD (Fig. 5). Each test lasted about
5min.
The post-test phase lasted about 20min and was dedicated to
the collection of qualitative data about the subjects’ experience in
the VR environment and their assessments of the washing
machines. Specifically, subjects were asked to fill in four ques-
tionnaires: the first one concerned the user’s experience in the VR
environment and the perceived level of presence, while the other
three were devoted to the evaluation of each virtual washing
machine.
Authors based the questionnaire about the level of presence on
that reported in Ref. [14], and adapted it for better investigating
the effect of the introduction of smells in the VR environment
(see Table 1). Specifically, some questions concerning the olfac-
tory aspects have been added, while other questions related to
objects’ manipulation and body movements have been removed.
Even though no sounds were added to the VR environment, the
questions related to the auditory aspects have been kept [14], in
order to leave the subjects unaware of the fact that in the tests
only visual and olfactory simulations have been used. Similarly to
Ref. [14], a seven-point scale format, based on the semantic dif-
ferential principle [32], was used.
Each questionnaire to be used for evaluating the virtual prod-
ucts had the structure showed in Table 2. In total, subjects were
asked to fill in three of these questionnaires and express evalua-
tions on the form of the washing machine and its main compo-
nents, the perceived value, the perceived level of usability and
washing performances, and so on. In these questionnaires, a six-
point scale format was used.
Analysis of the Results
The experimental tests have been carried out in order to verify
the influence of smells on the subjects’ evaluations of the level of
presence in a VR environment and of VPs of products.
Fig. 5 Subjects while performing the testing session wearing
a HMD and the wOD
Table 1 The questionnaire about the level of presence
N Question
1 How responsive was the environment to actions that you initiated (or performed)?
2 How natural did your interactions with the environment seem?
3 How completely were all of your senses engaged?
4 How much did the visual aspects of the environment involve you?
5 How much did the auditory aspects of the environment involve you?
6 How much did the olfactory aspects of the environment involve you?
7 How aware were you of events occurring in the real world around you?
8 How aware were you of your display and other devices?
9 How inconsistent or disconnected was the information coming from your various senses?
10 How much did your experiences in the virtual environment seem consistent with your real-world experiences?
11 How completely were you able to actively survey or search the environment using vision?
12 How well could you identify sounds?
13 How well could you localize sounds?
14 How closely were you able to examine objects?
15 How well could you examine objects from multiple viewpoints?
16 How well could you identify scents?
17 How well could you localize scents?
18 To what degree did you feel confused or disoriented at the end of the experimental session?
19 How involved were you in the virtual environment experience?
20 How distracting were the devices that you wore?
21 How quickly did you adjust to the virtual environment experience?
22 How proficient in moving and interacting with the virtual environment did you feel at the end of the experience?
23 How much did the visual display quality interfere or distract you from performing assigned tasks or required activities?
24 How much did the devices that you wore interfere with your concentration, the performance of assigned tasks or with other activities?
25 How well could you concentrate on the assigned tasks or required activities rather than on the mechanisms used to perform those tasks or activities?
26 Were you involved in the experimental task to the extent that you lost track of time?
Table 2 The questionnaire about the washing machines
N Question
1 How much do you like the shape of the washing machine?
2 How much do you like the shape of the window?
3 How much do you like the shape of the interface?
4 Do you think that this washing machine is a durable good?
5 Do you think that this washing machine is a technology advanced
good?
6 Do you think that the window is easy to use?
7 Do you think that the interface is easy to use?
8 Do you think that this washing machine has good washing
performances?
9 Do you think that the drawer is easy to use?
10 Does the shape of the washing machine fulfill your aesthetic sense?
11 Do you think that you could place the washing machine in a visible
position in your house?
12 Do you think that if the washing machine was colored you could like it
more?
13 Do you think that this washing machine is a high-value good?
14 Do you think that you wish buy this washing machine?
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With this aim, authors analyzed both the collected data of the
questionnaire about the level of presence and the questionnaires
about the three washing machines.
In particular, in the first case, authors calculated for each ques-
tion of the questionnaire and each smell, the average value of the
subjects’ evaluations. In the second case, authors calculated
the average value of the subjects’ evaluations for each question of
the questionnaire, each smell, and each washing machine.
Level of Presence. The first research question addressed in this
paper concerns “if the introduction of smells in VR environment
can enhance the perceived level of presence.” This research ques-
tion has been investigated by using the questionnaire based on
that reported in Ref. [14] and showed in Table 1. The results dem-
onstrate that the introduction of smells can increase the subjects’
evaluations of the level of presence in the VR environment.
Particularly, for all the questions, the average values of the sub-
jects’ evaluations in the test with smells are higher than those col-
lected in the odorless conditions. Also, the introduction of the
pleasant smell (orange) positively influences the subjects’ evaluations
of some characteristics of their experience of the VR environment.
Specifically, if we consider the 19 questions in which an higher score
means an improved users’ experience, in tests with the orange smell,
the average value of the subjects’ evaluations is the highest one in the
58% of the cases and the second highest one in 31.5% of the cases.
On the opposite, also the use of the unpleasant and incongruent
smell (anchovy) positively influences the subjects’ experience of
the VR environment. Indeed, if we consider the “positive” ques-
tions, in tests with the anchovy smell, the average value of the
subjects’ evaluations is the highest one in the 26.5% of the cases
and the second highest one in the same percentage of the cases.
Authors argue that these data can be related to the fact that both
orange and anchovy smells, if compared to the lavender and
smoke ones, are perceived as more intense and stronger by
humans. Then, these smells contribute to create a more stimulat-
ing VR environment, thus improving the users’ experience and
the level of presence. More specifically, concerning the respon-
siveness of the VR environment to the subjects’ actions, the aver-
age value of the subjects’ evaluations in the test with the orange
smell is the highest one (Fig. 6), and this value is 6% higher than
the corresponding one in the no-scent control condition. Authors
collected similar data with the orange smell in the case of
 The perceived level of involvement regarding the visual and
the olfactory aspects (Fig. 7): In this case, the average value
is 180% higher than that collected in the no-scent control
condition.
 The consistency of the virtual and real-world experiences
(Fig. 8): Here, the average value is 15% higher than the cor-
responding one in the no-scent control condition.
 The possibility of actively observe the environment by using
vision and examine objects from multiple viewpoints: In this
case, the average value of the subjects’ evaluations is 37.2%
higher than that collected in the no-scent control condition.  The involvement in the VR experience (Fig. 9): The average
value of the subjects’ evaluations is 29.8% higher than that
collected in the no-scent control condition.
Regarding the anchovy smell, it is worth reporting that the use
of this smell had positively influenced
 the perceived engagement of the subjects’ senses (the aver-
age value of the subjects’ evaluations in the test with the
anchovy smell is 32.7% higher than that collected in the
no-scent control condition)
 the localization of smells (the average value of the subjects’
evaluations is 170% higher than that collected in the
no-scent control condition)
 the level of satisfaction in the interaction with the environ-
ment (the average value of the subjects’ evaluations is 19%
higher than the corresponding one in the no-scent control
condition)
Fig. 6 Average values of the subjects’ evaluations of the ques-
tion number 1 of the questionnaire about the level of presence
Fig. 7 Average values of the subjects’ evaluations of the ques-
tion number 6 of the questionnaire about the level of presence
Fig. 8 Average values of the subjects’ evaluations of the ques-
tion number 10 of the questionnaire about the level of presence
Fig. 9 Average values of the subjects’ evaluations of the ques-
tion number 26 of the questionnaire about the level of presence
030904-6 / Vol. 16, SEPTEMBER 2016 Transactions of the ASME
Downloaded From: http://computingengineering.asmedigitalcollection.asme.org/pdfaccess.ashx?url=/data/journals/jcisb6/935415/ on 07/25/2017 Terms of Use: http://www.asme.org/about-asme/terms-of-use
Influence of Smell on Product Evaluation. The second
research question concerns “if, and in which way, smells can
influence the subjects’ evaluations of products.” This research
question has been investigated by using the questionnaire showed
in Table 2. In this case, the data collected in the tests demonstrate
that smells positively influence the subjects’ evaluations of
products.
Specifically, even if there are important differences in the eval-
uations of the three washing machines (mainly for the washing
machine number 1, which subjects considered with a less satisfac-
tory aesthetic appearance and, consequently, with a lower per-
ceived value), the use of congruent and pleasant smell (lavender)
positively influences the subjects’ evaluations of several features
of the washing machines.
In particular, if we consider the 13 questions in which an higher
score means an improved users’ experience, in tests with the lav-
ender smell, the average value of the subjects’ evaluations is the
highest one in the 64% of the cases and the second highest one in
18% of the cases.
More specifically, for questions related to the pleasantness of
the product shape (questions numbers 1 and 10, Figs. 10 and 11),
the average value of the subjects’ evaluations in the test with lav-
ender is the highest one in the 83% of the cases. Specifically, for
the question number 1 (How much do you like the shape of the
washing machine?), the average value of the subjects’ evaluations
is 22% higher than the corresponding one in the no-scent control
condition for the washing machine number 2%, and 13% for the
washing machine number 3. Similarly, for the question number 10
(Does the shape of the washing machine fulfill your aesthetic
sense?), it is 40% (washing machine number 1), 29% (washing
machine number 2), and 8% (washing machine number 3) higher
than the corresponding ones in the no-scent control condition.
For what concerns the pleasantness of the shape of the washing
machines’ window and the interface, in the 50% of the cases, the
highest average value has been collected in the tests with
lavender, while in 33% of the cases, the highest one has been col-
lected with the orange smell. In particular, for the question num-
ber 2 (How much do you like the shape of the window?) and the
washing machine number 2, in the test with the lavender smell,
authors collected an average value of the subjects’ evaluations
46.8% higher than that collected in the no-scent control condition.
On the contrary, for the washing machine number 3, authors col-
lected the highest average value in the test with orange, and it is
6% higher than the corresponding one in the no-scent control
condition.
Also, for the question number 3 (How much do you like the
shape of the interface?), the average value of the subjects’ evalua-
tions collected in the test with the lavender smell is 23.5% (wash-
ing machine number 1) and 4.5% (washing machine number 3)
higher than the corresponding ones in the no-scent control condi-
tion. However, for the washing machine number 2, authors col-
lected the highest average value in the test with orange, and it is
39.6% higher than the corresponding one in the no-scent control
condition.
Moreover, regarding the subjects’ evaluations of the perceived
level of usability of the product, in the 45% of the cases, the aver-
age value of subjects’ evaluations in the test with the lavender
smell is the highest one. In details
 For the question number 6 (Do you think that the window is
easy to use?), the average value collected in the test with the
lavender smell, for the washing machine number 2, is 29%
higher than that collected in the no-scent control condition.
 For the question number 7 (Do you think that the interface is
easy to use?), it is 20% (washing machine number 2) and 2%
(washing machine number 3) higher than the corresponding
ones collected in the no-scent control condition.
 For the question number 9 (Do you think that the drawer is
easy to use?) and for the washing machine number 2, it is
15% higher than that collected in the no-scent control
condition.
Authors collected similar data with the lavender smell concern-
ing the perceived value of the product (Fig. 12). In this case (ques-
tion number 13, Do you think that this washing machine is a high-
value good?), the average value of subjects’ evaluations in the test
with lavender is the highest one for all the three washing
machines. Specifically, it is 100% (washing machine number 1),
19% (washing machine number 2), and 4% (washing machine
number 3) higher than the corresponding ones in the no-scent con-
trol condition.
Moreover, concerning the influence of smells on the subjects’
purchase intentions (question number 14, Do you think that you
wish buy this washing machine?), the average value in the test
with the lavender smell is the highest in the 67% of the cases
(Fig. 13). In particular, it is 37.8% (washing machine number 2)
and 20.5% (washing machine number 3) higher than the corre-
sponding ones collected in the no-scent control condition.
Fig. 10 Average values of the subjects’ evaluations of the
question number 1 of the questionnaire about the washing
machines
Fig. 11 Average values of the subjects’ evaluations of the
question number 10 of the questionnaire about the washing
machines
Fig. 12 Average values of the subjects’ evaluations of the
question number 13 of the questionnaire about the washing
machines
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Finally, regarding the subjects’ evaluations of the perceived
washing performances of the washing machines, it is worth report-
ing that it seems to be not related to the use of smells. Indeed,
authors collected percentages of highest average values that are
very similar with all the different smells: 33% with lavender, 33%
with orange, 22% with smoke, and 22% with anchovy. Also, the
odorless test in the 66% of the cases collected the second highest
average value of subjects’ evaluations.
Influence of Smell on Product Assessment in VR and Real
Environment. In addition, about the third research question, the
collected data demonstrate that the influence of smells on sub-
jects’ evaluations of products in a VR multisensory environment
and in a real environment can be comparable.
Indeed, the obtained results are conformed to those obtained in
a real environment [10], even if the two research works present
some differences. First, in the Bosmans’ study, the tests concerned
ambient smells, while in this research, smells are directly associ-
ated with the product. Moreover, Bosmans used only pleasant
smells (and a no-scent control condition), while in this work, both
pleasant and unpleasant smells have been used. In spite of these
differences, both the Bosmans’ study carried out in a real environ-
ment and the present study demonstrated that smells congruent
with the product category can have a strong influence on subjects’
evaluations of products. This demonstrates that similar results can
be obtained from studies on the influence of smells on the sub-
jects’ evaluations of products in a VR and real environment.
Discussion
The analysis of the collected data demonstrates that smells can
be used for positively influencing the experience of the VR envi-
ronment and the perceived level of presence. Specifically, if smell
simulation is integrated in the VR environment, the average val-
ues of the subjects’ evaluations of features like the responsiveness
of the VR environment to the subjects’ actions, the naturalness of
the interaction with the VR environment, the perceived level of
involvement in the VR experience, and the consistency of the vir-
tual and real-world experiences are improved.
Specifically, regarding the perceived level of involvement for
what concerns the olfactory aspects (Fig. 7), it is worth reporting
that the introduction of any kind of smell strongly impact on the
perceived level of involvement, also if subjects are unaware of the
use of smells in the VR multisensory environment at the begin-
ning of the tests. However, due to the fact that the smell is more
visceral than the other senses (because its primordial function is to
investigate the environment and recognize possible dangers), the
introduction of this new sense in the VR environment has been
consciously perceived by the subjects and has unconsciously
impacted on the evaluations of the VR experience.
Moreover, through the analysis of the data related to the evalua-
tion of the products characteristics, it is possible to demonstrate
that the use of congruent and pleasant smell positively influences
the subjects’ evaluations of the product shape and its perceived
level of usability and value.
However, the effects of the introduction of the smell have to be
considered in a multisensory perspective, in which more senses
contribute in influencing the subjects’ evaluation. More specifi-
cally, the collected data demonstrate that the aesthetic appearance
of the products have to be still considered as the most impacting
feature on the subjects’ evaluations. Indeed, as clearly showed in
Figs. 10–13, the overall evaluations of the three washing machines
are quite different (above all for what concerns the washing
machine number 1). Clearly, this difference is mainly due to the
aesthetic appearances of the washing machines, and it is not
strongly influenced by the used smell. However, the use of con-
gruent and pleasant smell (lavender) could increase the subjects’
evaluations of the products. In fact, concerning the subjects’ eval-
uations of the shape of the washing machines (Fig. 11), in the tests
with the lavender smell, the washing machine number 2 collected
a higher evaluation than the washing machine number 3, while in
the no-scent control condition, the situation was the opposite.
Also in the case of the subjects’ purchase intentions (Fig. 13), the
difference between the washing machines 2 and 3 in the case of
the test with lavender is quite reduced (in comparison to the
no-scent control condition).
Eventually, the presented data are conformed to those obtained
in a real environment [10], and demonstrate that studies on the
influence of smells on the subjects’ evaluations of products in a
VR environment and in a real environment are comparable.
Conclusion
This research concerns the benefits that a wide use of the scent
design could bring to different typologies of products, like furni-
ture, cars, technological devices, clothes, and so on, in order to
improve their features and communicate them to possible custom-
ers. Indeed, due to the fact that smell is related to people irrational
levels and can impact on people’s mood and feelings, the new
frontier of the scent design could be represented by the develop-
ment of innovative “scent of” industrial products.
In this scenario, the smell specifically designed for each specific
product, similarly to the other products’ characteristics, needs to
be evaluated. The use of VR multisensory environments in design
review activities has already proven its effectiveness, and the
introduction of smells’ simulation could improve the design
review activities. Nevertheless, also if several works have focused
on simulating smells, the devices displays developed so far are of-
ten cumbersome to wear or very limited in the quantity and num-
ber of smells that can be stored and rendered.
Consequently, the authors recognized the need to inquiry if the
evaluation of characteristics of new products could be performed in
VR environment also for what concerns smells associated to them.
With this aim, authors set up a VR experimental framework, devel-
oped a prototype of a wOD to be integrated in the experimental
framework, and designed and carried out several experimental tests.
The outcomes of these activities fulfill the research questions
addressed in this paper, which concern if the introduction of
smells in multisensory VR environment can be used for evaluating
products as effectively as studies performed in real environments
and also if smells can enhance the subjects’ level of presence in
VR environments.
On this basis, the introduction of smells in VR multisensory
environment could be an effective technique for effectively evalu-
ating the olfactory characteristics of products in the design pro-
cess. Also, its use could be extended to a multitude of applications
of VR (entertainment, marketing, etc.) for improving the subjects’
perceived level of presence.
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